The Bayesian analysis was performed to examine the single nucleotide polymorphisms (SNPs) neighborhood patterns in cattle using 15,110 SNPs, each with a flanking sequence of 500 bp. Our analysis confirmed three well-known features reported in plants and/or other animals: 1) the transition is the most abundant type of SNPs, accounting for 69.8% in cattle; 2) the transversion occurs most frequently (38.56%) in cattle when the A+T content equals two at their immediate adjacent sites and 3) C T and A G transitions
Introduction
Single nucleotide polymorphisms (SNPs) represent the most abundant form of genetic variation in both plant and animal genomes. For example, SNPs occur every 100 to 300 bases along the 3-billion-base human genome and represent about 90% of all genetic variation (http://www.ornl.gov/). Nucleotide differences in the promoter regions of protein-encoding genes may cause gains/losses of specific regulatory binding sites and result in differential regulation of transcription (Jiang et al., 2007) . SNPs at intron/exon boundaries may influence the conserved "GU-AG" motifs and modify the resulting polypeptide. Even synonymous SNPs, disregarded in many studies based on the assumption that these are silent, can alter RNA secondary structure (Wang et al., 2005) and affect protein conformation and function (Sauna et al., 2007) . Therefore, SNPs are important markers that link genes to normal physiological changes, diseases and responses to pathogens, chemicals, drugs, vaccines and other agents in humans (Riley et al., 2000 and Kim and Misra, 2007) . The study of SNPs is also important in crop and livestock breeding programs. This information can be used to localize genes that affect quantitative traits, identify chromosomal regions under selection, study population history, and characterize/manage genetic resources and diversity (Rafalski, 2002 and Du et al., 2007) .
Chemically, nucleotides can be grouped into purines (A, G) and pyrimidines (C, T).
SNPs within the groups are called transitions and between groups are called transversions. Therefore, there are two possible transitions (C T and A G) and four possible transversions (A C, G T, A T and C G) if we do not consider the directions of mutations. Overall, transition mutations occur most frequently in both plant and animal genomes, for example, ranging from 60% of all mutations in maize (Morton et al., 2006) to 68% in the mouse (Zhang and Zhao, 2004) . It has been widely believed that the hypermutability effects of CpG dinucleotide sites contribute significantly to the increased rate of transitions in both plant and animal genomes as a result of deamination of methylated cytosines (Duncan and Miller, 1980) . However, the A + T content of the two immediate sites adjacent to the mutation sites is associated with an increased rate of transversion in the nuclear genomes of human, mouse and arabidopsis (Zhang and Zhao, 2004) as well as in the chloroplast genomes of rice and maize (Morton, 1995) .
Interestingly, the two adjacent nucleotide sites that flank the mutations also show the largest biases compared to the genome-wide and chromosome-specific average Boerwinkle, 2002 and Zhao, 2004) .
The Bovine Genome Sequencing Project, led by a team at Baylor College of Medicine's Human Genome Sequencing Centre (http://www.hgsc.bcm.tmc.edu/projects/bovine/) began in 2003. In August 2006, a 7.15X mixed assembly of the draft bovine genome combining whole genome shotgun (WGS) sequence with BAC sequence was released to the public database at the National Center for Biotechnology Information. Just recently, the project also released 15,110 well-characterized SNPs derived from both dairy and beef cattle. In the present study, we first examined genome basics and SNP basics in cattle. We then focused on how SNPs influence their neighborhood patterns of nucleotides and how neighboring-nucleotide compositions affect SNPs in the bovine genome. We confirmed some unique neighborhood features observed in other mammalian species as well as in some plants. We also discovered several novel features about SNPs that have not been reported previously.
Materials and Methods
SNPs source, WGS reads and quality control. SNPs were downloaded from ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Btaurus/snp/Btau20040927/bovine-snp.txt. These are high-quality SNPs from the first round of discovery using WGS reads from selected cattle breeds. A total of 15,267 records were released, but there are 157 duplicate calls, thus yielding 15,110 unique SNPs. Sequencing reads were generated from random shotgun libraries from Holstein, Angus, Brahman, Limousin, and Jersey breeds. Reads were compared to the 3x Bos taurus genome assembly (Btau20040927) using BLAST with e-50 expect cut off. The criteria for selecting a read for SNP analysis can be viewed in details at ftp://ftp.hgsc.bcm.tmc.edu/pub/data/Btaurus/snp/Btau20040927/README.
Basically the procedures for selection of bovine SNPs followed the NQS method developed for initial mapping of human SNPs but all the thresholds were more stringent (Worley, personal communication).
SNPs, flanking nucleotides and reverse complement. Only these 15,110 unique SNPs were used in the present study. For each entry, the type of SNP was well labeled and included 250 bp of 5' flanking sequence and 250 bp of 3' flanking sequence. Basically, we put a SNP in the center of a sequence and labeled the nucleotides at the 5' and the 3' side with consecutive negative and positive numbers towards the end of each flanking sequence. A reverse complementary sequence was made, when necessary, based on the formation of a double-stranded structure by matching base pairs with the target sequence plus a re-orientation.
Estimation of nucleotide frequencies using a conjugate beta-binomial hierarchical model. Let i x be the number of a base (say A, T, C, or G) at a site, and i N be the number of all bases at the site. Here we assume that i x follows a binomial distribution.
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where i θ is the frequency of the base at this site. In the Bayesian specification, a conjugate beta prior is assumed for i θ :
where hyper-parameters a and b are assumed to be known (i.e., their values are arbitrarily given as 1.0 and 3.0, respectively). The posterior distribution of i θ is also a beta:
In preliminary runs, convergence of iterative simulations was monitored based on multiple sequences with overdispersed starting points, which is described in details in Gelman et al. (2004) . Based on the convergence diagnosis results of i θ , we decided that a single chain consisting of 100,000 iterations be used with a burn-in of 1,000 iterations (i.e., samples are discarded during the burn-in period). The autocorrelation function (Box and Jenkins, 1976 ) was used to measure non-randomness (or correlation) of sequential draws of a parameter from the conditional distribution (e.g., Eberly and Carlin, 2000) .
Empirically, we observed that lag 10 autocorrelations were below 0.01 for all chains of Note that data of complementary types are combined in 2 M . To simulate a mixture, portions of each binomial component were known and were equal to the observed portions of each transitional type, and the sum of nucleotide frequencies is fixed to be 1.
The Bayes factor in support of 2 M over 1 M is the ratio between the posterior and prior odds of the two models (Goodman, 1999) :
Conveniently, Bayesian Information Criterion (BIC) can be computed, which is a large sample approximation to twice the logarithm of the Bayes factor (Schwarz, 1978; Raftery, 1995) . Comparing two models, we observe that SNP types analysis and chi-square test. In addition to the Bayesian analysis described above, chi-square tests of independence and goodness-of-fit were also used in the data analysis. The former was used to test the hypothesis whether the frequency within types
of SNPs is what would be expected, given these marginal Ns. The latter was used to test the hypothesis whether the total number N is distributed evenly between different types of SNPs. The analysis was performed using a web tool called "Calculation for the ChiSquare Test" at http: http://www.people.ku.edu/~preacher/chisq/chisq.htm. Among these four types of SNPs -C T/A G, A C/G T, A T and C G, the neighborhood patterns of nucleotide distributions were, however, quite different from each other (Figure 2 ). For example, at the -1 site, the trend of nucleotide dynamics was A>T>C>G for the combined C T/A G transitions ( Figure 2A and Figure 2B ), T>A>G>C for the combined A C/G T transversions ( Figure 2C and Figure 2D) , T>A>C>G for the A T transversions ( Figure 2E ) and A>T>G>C for the C G transversions ( Figure 2F ), respectively. However, at the +1 site, the trend was G>A>T>C for the combined C T/A G transitions (Figure 2A and Figure 2B ), T>A>G>C for the combined A C/G T transversions ( Figure 2C and Figure 2D) , A>T>G>C for the A T transversions ( Figure 2E ) and T>A>C>G for the C G transversions (Figure 2F ), respectively.
Results

SNP
For the C T/A G transitions ( Figure 2A and Figure Tables 2 and 3 ).
For the A C/G T transversions ( Figure 2C and Figure 2D ), both nucleotides A and T had a frequency drop from the -1 site to the +1 site, but being relatively small for the Table 7 ).
The overall trends of frequencies for nucleotides A, T, C, and G flanking these four types of SNPs: C T/A G, A C/G T, A T and C G were also different (Figure 2 ).
Based on the genome averages of nucleotide frequencies described above, we estimated Figure 2E , the highest ratio of 1.72 for A T substitutions was obviously due to the fact that the frequencies of nucleotides A and T were above, but those of nucleotides C and G were below the genome averages for most sites. However, the lowest ratio of 1.23 for the C G substitutions was certainly caused by the low frequencies of A and T and the high frequencies of C and G for most sites ( Figure 2F ). Therefore, A T substitutions were more abundantly associated with the A+T rich regions, while the C G substitutions most frequently occurred in G+C rich regions. (Table 1) . These data also indicated that the conversion of methylated cytosine to thymine by deamination events occurred not only in CpG sites (14.44%, 1,522/10,541, genome wide), but also in CpA (4.42%, 466/10,541) and CpC sites (1.39%, 147/10,541), respectively (Table 1) .
Discussion
Genomes are A+T rich, but SNPs are C T/A G rich. The completion of many whole genome sequencing projects in both plants and animals provides ultimate resources for us to discover unique features related to genome structure, function and evolution. Genomes are made of four nucleotides A, T, C, and G with an equal frequency between adenine and thymine as well as between cytosine and guanine, which is known as so-called Chargaff's first parity rule. For example, in humans, these four nucleotides were distributed as 29.55% A, 29.54% T, 20.44% C and 20.46% G among a total of 2.86 x 10 9 bases (Zhao and Boerwinkle, 2002) , ranging from 26.05% A, 25.98%
T, 23.98% C and 23.97% G on chromosome 22 to 30.98% A, 31.18% T, 18.93% C and 18.89% G on Y chromosome (Yamagishi and Shimabukuro, 2007) . The mouse genome had 29.12% A, 29.14% T, 20.87% C and 20.87% G in a total of 2.70 x 10 9 bases (Zhang and Zhao, 2004) . In the present study, we estimated that nucleotides A, T, C and G were 28.59%, 28.83%, 21.42% and 21.16% in the bovine genome, which are consistent with those observed in mouse and human genomes. Overall, the mammalian genomes are A+T rich, being roughly 1.5 fold higher than the G+C content.
Under such an A+T rich environment, the transition substitutions (C T/A G)
accounted for roughly two-thirds (65.6%) of the total mutations in the human genome (Zhao and Boerwinkle, 2002) . This figure further increased to 68.13% in mouse (Zhang and Zhao, 2004) and 69.76% in cattle (the present study), but decreased to 58% in Atlantic salmon among the coding SNPs derived from expressed sequences (Hayes et al., 2007) . Nevertheless, transition is the most abundant form of SNP in both plants and animals. In addition, both C T and A G substitutions occur equally, for example, being 32.81% and 32.77% in human (Zhao and Boerwinkle, 2002), 33.93% and 34.10% in mouse (Zhang and Zhao, 2004) , 35.13% and 34.63% in cattle (the present study) and 29% and 29% in Atlantic salmon (Hayes et al., 2007) .
Among four types of transversions, A C and G T also occurred equally, for example, being 8. 69% and 8.74% in human, 8.63% and 8.63% in mouse, 8.15% and 8.27% in cattle (our study) and 11% and 13% in Atlantic salmon (Hayes et al., 2007) . However, the A T transversions were the least frequent in humans (7.42%) and cattle (6.14%), while the C G substitutions were the least frequent in mouse (6.37%) and in Atlantic salmon (8%) (Hayes et al., 2007) . Interestingly, when two immediate adjacent sites flanking the SNPs were A+T rich (A+T content of 2, in particular), the frequency of transversional mutations significantly increased in animals, such as cattle (38.56%), human (38.70%), mouse (36.50%) and in plants, such as Arabidopsis (53%) (Zhang and Zhao, 2004) and the rice and maize chloroplast noncoding regions (57%) (Morton, 1995) .
SNPs can be classified into four types. As indicated above, there are six types of SNPs, including two types of transitions (C T and A G) and four types of transversions (A C, G T, A T and C G) if we do not consider the directions of mutations. In the present study, we observed that the neighborhood patterns of nucleotides flanking the C T and A G substitutions including themselves were reverse complementary to each other ( Figure 2A and 2B) and did those flanking the A C and G T ( Figure 2C and 2D). These data indicate that a mutation might originally start on a single strand of DNA and then expand to another strand by base pairing during the DNA replication. As both A T and C G are self-reverse-complements, it might be difficult to clearly identify their neighborhood patterns because the sense and antisense sequences flanking these mutations are not actually recognizable.
Although the nucleotide frequencies might be different among different species, the complementary patterns between C T and A G and between A C and G T also appeared in human and mouse. In human, the nucleotide ranking orders based on their frequencies were C>>A>T>>G at the -1 site and T>>A≈G>C at the +1 site for A G substitutions, which were obviously complementary to G>>T>A>>C at the +1 site and A>>T≈C>G at the -1 site for C T substitutions (>> denotes greater than 5% difference between two nucleotide frequencies, > 1% -5% difference, and ≈ less than 1% difference) (Zhao and Boerwinkle, 2002) . The ranks A>C>>T>G at the -1 site and A>>T≈C>>G at the +1 site for A C were very likely complementary to T>G>>A>C at the +1 site and T>>A>G>>C at the -1 site for G T transversions. The complementary ranking orders were also observed in mouse between C≈A>T>G at the -1 site for A G and G≈T>A>C at the +1 site for C T, between T>>A>G>C at the +1 site for A G and A>>T>C>G at the -1 site for C T, between A>>C≈T>G at the -1 site for A C and T>>G≈A>C at the +1 site for G T, and between A>T>C>>G at the +1 site for A G and T>A>G>>C at the -1 site for G T, respectively (Zhang and Zhao, 2004 ).
In addition, among four types of SNPs, we observed that the overall frequencies of nucleotide distributions flanking the C G substitutions were relatively close between A+T and C+G nucleotides ( Figure 2F ). The frequency differences between A+T and C+G nucleotides were slightly greater, for the C T and A G substitutions (Figure 2A and 2B), and was larger for the A C and G T mutations ( Figure 2C and 2D) . Finally, the frequencies for A and T nucleotides were significantly above the genome average, while the frequencies for C and G nucleotides were much below the genome average for the A T substitutions ( Figure 2E ).
The mechanisms causing methylation to mutation seem complicated. The abundant transition polymorphisms, which accounted for approximately two-thirds of the total mutations genome wide, have been largely believed to be caused by the abundant hypermutable methylated dinucleotide 5'CpG3' (Cooper and Krawczak, 1990) .
Approximately 60% -90% of CpG sites might be methylated (Bird, 1986) and deamination of 5'-methylcytosine in such a CpG site leads its conversion to thymine.
Indeed, we found that the adjacent neighboring nucleotides with potential to form CpG sites yielded 13.39% more C T and A G transitions than those structures without any potential to form CpG sites (Figure 3 ). On the other hand, deamination of 5'-methylcytosine and its subsequent conversion to thymine would not easily occur, because methylation is an important mechanism involved in maintenance of normal genome functions in mammals.
Therefore, we pursued a partition on how many C T and A G polymorphisms are naturally occurring transitions and how many are caused by methylation conversions.
First, we estimated that the deamination events converting 5'methylcytosine to thymine accounted for approximately 20% of total transitions and the remaining 80% were naturally occurring transitions in a genome. This claim is supported by similar results observed in the mouse: SNPs occurring at CpG sites were 3.14-fold less prevalent than expected (Zhao and Zhang, 2006) . These data suggest a suppression system for preventing 5'methylcytosine from deamination in the CpG sites. Second, the 5'-methylcytosine to thymine conversion has different efficiency at the CpG sites, depending on a trinucleotide structure. The conversion rate was highest (46.41%) in the complementary combination of 5'A☼G3' -5'C☼T3', followed by 5'C☼C3' -5'G☼G3'(32.16%) and 5'C☼A3' -5'T☼G3' had the lowest rate of 20.29% (Table 1) .
Third, the conversion of 5'methylcytosine into thymine also occurred in non-CpG sites, but limited in the structures of 5'A☼A3' -5'T☼T3' (29.64%) and 5'G☼A3' -5'T☼C3' (14.54%) observed in the present study (Table 1) . Obviously this is not surprising, 
